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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:

1. Articles must be provided with a double copy, in English or Russian languages and typed or
compu-ter-printed on a single side of standard typing paper, with the left margin of 3 centimeters width,
and 1.5 spacing between the lines, typeface - Times New Roman (Cyrillic), print size - 12 (referring to
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Authors of the scientific-research works must indicate the number of experimental biological spe-
cies drawn in, list the employed methods of anesthetization and soporific means used during acute tests.
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version. Numbers, totals, percentile data on the tables must coincide with those in the texts of the
articles. Tables and graphs must be headed.

6. Photographs are required to be contrasted and must be submitted with doubles. Please number
each photograph with a pencil on its back, indicate author’s name, title of the article (short version), and
mark out its top and bottom parts. Drawings must be accurate, drafts and diagrams drawn in Indian ink
(or black ink). Photocopies of the X-ray photographs must be presented in a positive image in tiff format.

Accurately numbered subtitles for each illustration must be listed on a separate sheet of paper. In
the subtitles for the microphotographs please indicate the ocular and objective lens magnification power,
method of coloring or impregnation of the microscopic sections (preparations).

7. Please indicate last names, first and middle initials of the native authors, present names and initials
of the foreign authors in the transcription of the original language, enclose in parenthesis corresponding
number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
tion available online at: http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.icmje.org/urm_full.pdf
In GMN style for each work cited in the text, a bibliographic reference is given, and this is located at the end
of the article under the title “References”. All references cited in the text must be listed. The list of refer-
ences should be arranged alphabetically and then numbered. References are numbered in the text [numbers
in square brackets] and in the reference list and numbers are repeated throughout the text as needed. The
bibliographic description is given in the language of publication (citations in Georgian script are followed
by Cyrillic and Latin).

9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Aim: Low-intensity pulsed ultrasound (LIPUS), such as
Exogen device, stimulates osteogenesis and angiogenesis
without harmful thermal effects, enhancing bone strength and
shortening recovery time. This experimental study evaluated the
application of Exogen low-intensity pulsed ultrasound (LIPUS)
device in promoting alveolar bone healing and reducing post-
orthodontic relapse in rabbits model after induction of teeth
movement by semi orthodontic appliance.

Materials and Methods: 12 adult rabbits underwent
orthodontic tooth movement for lower anterior teeth, followed
by appliance removal. Animals were randomly assigned to
two groups: a control group with no LIPUS treatment, and
an Exogen group that received daily low-intensity pulsed
ultrasound (LIPUS) therapy for 20 days. Clinical measurements
of relapse distance were recorded at days 0, 10, and 20 in mm.
Histological and histomorphometric analyses were performed
to assess osteoblast and osteoclast counts, vascular density, and
periodontal ligament (PDL) width in both cervical and apical
regions.

Results: showed that the Exogen group exhibited a significantly
smaller relapse distance from day 10 onwards (p<0.01) and
approximately 35% less relapse at day 20 compared with
controls. Histomorphometric data revealed higher osteoblast
counts, lower osteoclast counts, increased vasculature, and
narrower PDL width in the Exogen group, indicating enhanced
bone formation, reduced bone resorption, and improved
periodontal stability. Histological examination confirmed
greater organization of lamellar bone, denser osteoblastic lining,
and more pronounced vascularization in treated animals.

Conclusion: These findings suggest that the Exogen LIPUS
device may serve as an effective adjunct tool in orthodontics to
accelerate alveolar bone healing and to achieve greater stability
of teeth following orthodontic interventions.

Key words. Low-intensity pulsed ultrasound, alveolar bone,
bone healing, relapse, rabbits.

Introduction.

Enhancing alveolar bone healing is of paramount importance
in orthodontics and maxillofacial surgery, particularly in
cases requiring rapid restoration of oral function to maintain
masticatory efficiency, prevent malocclusion, and ensure
overall orthodontic outcome welfare. During orthodontic teeth
movements, the surrounding bone induced a remodeling process.
This remodeling process involves both bone demineralization
and subsequent remineralization [1,2] The orchestrated
sequence of phases—including activation, resorption, reversal,
formation, and termination—is collectively referred to as bone
metabolism [1-3].
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Consequently, there is growing interest in developing
innovative adjudicative therapies to promote bone regeneration
and preserve periodontal integrity in orthodontic practice.
Low-intensity pulsed ultrasound (LIPUS), as delivered by the
Exogen device, has been shown to accelerate bone repair by
enhancing osteoblastic activity, increasing expression of bone
morphogenetic proteins (BMPs), and promoting angiogenesis
without generating harmful thermal effects [4,5].

In orthodontics, these properties offer substantial benefits for
the enhancement bone metabolism and repairing demineralize
bone surrounding teeth during the retention phase of
orthodontics, where rapid recovery is critical for restoring
mobility and preventing secondary complications. LIPUS
may serve as a non-invasive adjunct to conventional long-
term protocol for retention, potentially shortening healing time
and improving bone density [6]. Studies in animal models
and clinical cases performed on enamel models have reported
improved callus formation, enhanced mineralization, and
reduced healing duration, supporting the potential translation
of this technology to a wide range of orthopedic-orthodontic
applications in domestic and performance human models.

Low-intensity pulsed ultrasound (LIPUS) has been shown to
accelerate bone repair, primarily through its ability to enhance
osteoblast activity, stimulate osteogenic differentiation, and up-
regulate bone-specific growth factors such as BMP-2 and VEGF.
Additionally, LIPUS promotes angiogenesis, collectively
contributing to improved mechanical strength and structural
integrity of the healing bone [7-9]. In veterinary contexts,
LIPUS has been successfully applied in long bone fracture
repair in horses and small animals, while preclinical evidence
in rabbits has demonstrated its ability to accelerate mandibular
fracture healing, supporting its potential applicability in
alveolar bone repair [9,10]. Within the scope of alveolar bone
remodeling, animal studies—particularly those involving
rodent models—indicate that LIPUS can modulate orthodontic
tooth movement and post-treatment bone adaptation through
molecular signaling pathways involving HGF/Runx2/BMP-2
and RANKL expression, thus enhancing post-orthodontic bone
stability [11,12]. Although direct veterinary studies on LIPUS
applications in dental contexts are limited, broader preclinical
evidence supports its regenerative efficacy in tendon, ligament,
and bone—soft tissue junction injuries across multiple domestic
animal species, with demonstrated improvements in collagen
organization, angiogenesis, and mechanical strength [13,14].
Collectively, these findings underscore the translational
potential of LIPUS for clinical orthodontic applications.

Notably, literature emphasizes that LIPUS differs from
traditional continuous-wave therapeutic ultrasound in its
low-intensity pulsed mode, which induces micromechanical
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effects at the cellular level rather than thermal effects. This
mechanism activates integrin-mediated intracellular signaling,
thereby stimulating osteoblast proliferation, extracellular
matrix deposition, and vascular responses—key mechanisms
in the healing of bone and periodontal supporting tissues in
animals [15,16]. Building on this mechanistic rationale and the
promising cross-species findings, the present study aims—for
the first time—to investigate the feasibility of applying the
Exogen device based on LIPUS in enhancing alveolar bone
regeneration and reducing orthodontic relapse after appliance
removal. The experimental rabbit model was selected for its
anatomical and physiological similarities to small mammal
dentition, allowing both quantitative histomorphometric
analysis and qualitative histological evaluation to determine its
potential as an adjunctive therapeutic modality in orthodontic
practice.

The primary objective of this research is to assess whether
daily LIPUS application using the Exogen device substantially
improves alveolar bone remodeling and reduces post-
orthodontic relapse compared to a sham-treated (control) group
in rabbits model.

Materials and Methods.

Ethical Approval and ARRIVE Compliance: This experimental
protocol was approved by the Institutional Animal Care and
Use Committee (IACUC) of College of Dentistry, University
of Mosul (REC reference no. UoM.Dent. 24/1025) on April
21, 2024, in full compliance with ARRIVE 2.0 guidelines to
ensure robustness, transparency, and reproducibility in animal
research.

Experimental Design and Sample Size: This study employed
a randomized, controlled, parallel-arm preclinical trial using
adult New Zealand White rabbits (Oryctolagus cuniculus),
weighing 1-3 kg, selected for their well-established relevance
in maxillofacial and bone regeneration studies [17].

For achieving sufficient statistical power, the sample size was
estimated on previous rabbit mandibular LIPUS studies, which
used n = 6 per group [18,19].

Accordingly, 12 rabbits were allocated randomly into two
groups: Control (sham application) and Exogen (LIPUS), with
6 rabbits per group.

Animal Housing and Husbandry: Rabbits were individually
housed in stainless-steel cages within a controlled environment
(2022 °C; 12/12 h light/dark cycle), with ad libitum access
to food and water, and monitored daily to ensure welfare—a
critical aspect of ARRIVE compliance for 2 weeks before
starting the experiments.

Orthodontic Appliance and Device Removal: Each rabbit
received a clinically modeled orthodontic appliance placed
on the mandibular anterior teeth under general anesthesia,
maintained for 14 days to simulate orthodontic tooth movement.
Upon removal, baseline measurements (day 0) of incisor edge
relapse were recorded. The most mesial margin of the lower
central incisares teeth act as a reference point for recording the
relapse induced after appliance debanding.

Intervention Protocol:

Control Group: Received sham LIPUS application (device
turned off) for 20 minutes daily.
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Exogen Group (LIPUS): Received daily LIPUS treatment
via the Exogen device at a frequency of 1.5 MHz, spatial-
average intensity 30 mW/cm?, pulsed at 20% duty cycle
(e.g., 200 us on / 800 ps off), for 20 minutes per day—
parameters aligned with previous rabbit mandibular bone
healing protocols.

Treatments commenced on the day of device removal (day 0)
and continued daily until euthanasia (day 20).

Time-points and Measurements: Twelve rabbits were used in
total (six per group). All animals underwent clinical assessment
of regrowth distance over 20 days. For histological evaluation,
a subset of animals (n = 3—4 per group) was euthanized at each
time point (days 0, 10, and 20), while the remaining animals
continued in the study for longitudinal clinical measurements.
At each sacrifice, data collection included:

- Clinical relapse measurement: distance moved between
lower centrals incisores from baseline using standardized
caliper methods.

Radiographic assessment: Cone-beam radiography to
measure relative alveolar bone density (as proxy for HU) and
alveolar ridge height.

Histology and Histomorphometry: Mandibles were
harvested, decalcified, sectioned sagittally, and stained
(H&E, Masson's trichrome). Histomorphometric indices
included counts of osteoblasts, osteoclasts, and vascular
density, quantified in both cervical and coronal alveolar
regions using image analysis software.

Randomization and Blinding: Allocation to groups
was determined by computer-generated random numbers.
Investigators performing measurements and tissue analysis
were blinded to group assignments to minimize bias—a key
component of high-quality animal research.

Application of LIPUS (Exogen) on Rabbit Teeth: The
Exogen low-intensity pulsed ultrasound (LIPUS) device
was applied according to the manufacturer’s guidelines, with
modifications suitable for rabbit oral anatomy. After removal of
the orthodontic appliance, the ultrasound transducer—equipped
with a coupling gel to ensure optimal acoustic transmission—
was positioned extraorally over the alveolar bone region
corresponding to the treated teeth. The handpiece was held in
a stable position using a custom-fabricated support to prevent
movement during the session. Each application consisted of a
20-minute continuous exposure at the preset output parameters
of the device (1.5 MHz frequency, 200 ps pulse duration, 1
kHz repetition rate, and 30 mW/cm? spatial average temporal
average intensity). Treatments were administered once daily for
the designated post-removal observation period, ensuring that
the coupling gel was replenished if any drying occurred during
the session to maintain consistent ultrasound transmission.

EXOGEN ultrasound enhances upregulation of the processes
that are critical to bone repair Figure 2.

Measurement of relapse: The amount of relapse was
measured for twenty days by the electronic digital Vernia
(accurate to 0.0lmm) in the levels of mesial tips of the 2
mandibular incisors (at 0, 2, 4, 7, 10, 13, 17, and 20 days) (21)
as shown in figure (3.8). Relapse distance (RD) was measured
as the difference between space on the measuring day (S1)
and space following removal of the orthodontic appliance (S0)



exogen

Figure 1. The Exogen® low-intensity pulsed ultrasound device (Bioventus LLC, Durham, NC, USA) used for daily treatment in the experimental
group. The device delivers 1.5 MHz pulsed ultrasound at an intensity of 30 mW/cm? for 20 minutes per session.

Figure 3. Measurement of the relapse amount.
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Figure 4. Shows digital bone density assessment of target area of the rabbit mandibular jaw.

Figure 5. RAND SF-36 Test results on procedures group.
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Figure 6. Line graph showing relapse distance over time for both groups.

Apical

Figure 7. Histological section (Exogen group, day 10) showing cervical, middle, and apical regions with abundant new bone (NB) deposition
and active osteoblasts (black arrows) along trabecular margins. The periodontal ligament (PDL) space is clearly demarcated adjacent to the old
alveolar bone (OB). These features correlate with the increased osteoblast count and vascular density quantified histomorphometrically. H&E
stain, 40 % magnification, scale bar = 100 um.

Cervical

Figure 8. Histological section of rabbit tooth after removal of orthodontic appliance from the NDH group at day 10 shows the cervical, middle and
apical regions with distinct high blood vessels formation (BV) (black arrows). Periodontal ligament width (PDL), new bone formation (NB) and
old alveolar bone (OB). H&E stain, 40X, Scale bar=100um.
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Figure 9. Histological section of rabbit tooth after removal of orthodontic appliance from the Control group at day 20 shows the cervical, middle
and apical regions with high numbers of the osteoclasts (black arrows). Periodontal ligament width (PDL), new bone formation (NB) and old
alveolar bone (OB). H&E stain, 40X, Scale bar=100um.

Cervical

i

Figure 10. Hematoxylin and eosin-stained section representing the new bone surface area of the three groups at day 0. (A&B): control group,
(C&D) BSDE group, along cervical and apical lines 100X, Scale bar =100um.
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Figure 12. a. Histomorphometric parameters (cervical region): osteoblast count, osteoclast count, vascular density, and periodontal ligament
(PDL) width at day 0, 10, and 20 in control and Exogen groups.
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Table 1. Mean + SD of clinical relapse distance (mm) in control and Exogen groups at days 0, 10, and 20 after orthodontic appliance removal.

Time Point Control Group (Mean + SD, mm) Exogen Group (Mean £+ SD, mm) p-value
Day 0 2.35+042 2.33+0.45 0.912

Day 10 1.84£0.37 1.29+0.31 0.008**
Day 20 1.65+0.35 1.07 £0.28 0.004**

Values are expressed as mean + standard deviation (SD). Statistical significance determined by independent samples t-test at each time point. **
= highly significant
p < 0.01 indicates highly significant difference compared to control group.

Table 2. Relative alveolar bone density (mean = SD) in cervical and apical regions for control and Exogen groups at days 0, 10, and 20 after
orthodontic appliance removal.

Region Time Point Control Group (Mean + SD) Exogen Group (Mean £ SD) p-value

Cervical Day 0 124.6 £5.3 125.1+£5.1 0.812
Day 10 128.4+49 135.8+5.2 0.014*
Day 20 130.2+5.0 139.7+5.4 0.006**

Apical Day 0 122.1+5.6 122.5+5.4 0.874
Day 10 1259+5.3 130.4+5.6 0.038*
Day 20 127.3+5.5 133.2+£5.8 0.022*

Values are expressed as mean + standard deviation (SD). Statistical significance determined by independent samples t-test for each region and
time point. p < 0.05 indicates significant difference; *p < 0.01 indicates highly significant difference compared to control group. ** = highly
significant.

Table 3. Mean + SD of alveolar ridge height (mm) in control and Exogen groups at days 0, 10, and 20 after orthodontic appliance removal.

Time Point Control Group (Mean + SD, mm) Exogen Group (Mean £+ SD, mm) p-value
Day 0 8.42+0.28 8.40 +0.27 0.876
Day 10 8.35+0.30 8.45+0.25 0.412
Day 20 8.28 +£0.32 8.49+0.26 0.036*

Values are expressed as mean + standard deviation (SD). Statistical significance determined by independent samples t-test at each time point. p <
0.05 indicates significant difference compared to control group. *

Table 4. Histomorphometric parameters (mean £ SD) in cervical and apical alveolar bone regions for control and Exogen groups at days 0, 10,
and 20 after orthodontic appliance removal.

Parameter Region Time Point Control Group (Mean + SD) Exogen Group (Mean % SD) p-value
Osteoblast count Cervical Day 0 124+1.8 126+1.9 0.824
Day 10 14.8+2.0 18.3+2.1 0.006**
Day 20 15.2+2.1 19.7+2.3 0.004**
Apical Day 0 11.9+1.7 12.1 +1.8 0.872
Day 10 13.5+£1.9 15.9+2.0 0.018*
Day 20 13.8+2.0 16.7+2.1 0.012%*
Osteoclast count Cervical Day 0 62+1.2 6.1+1.3 0.914
Day 10 65+1.3 54+1.2 0.042*
Day 20 6.7+t14 5.1+1.1 0.008**
Apical Day 0 6.0+1.2 59+12 0.888
Day 10 63+13 56+1.1 0.114
Day 20 6.4+13 53+1.2 0.036*
Vascular density Cervical Day 0 84+1.5 85+14 0.892
Day 10 9.6+1.6 11.8+1.7 0.004**
Day 20 99+1.5 125+1.8 0.002**
Apical Day 0 81+14 82+14 0.854
Day 10 9.0+1.5 103+£1.6 0.038%*
Day 20 92+1.6 109+ 1.7 0.026*
PDL width (um) Cervical Day 0 120.4 £ 8.5 119.8 £8.4 0.846
Day 10 115.6+8.3 108.3+7.9 0.014*
Day 20 113.8 8.2 105.6 7.7 0.006%*
Apical Day 0 118.7+8.4 118.4+8.3 0.932
Day 10 1149 +£8.1 110.2 + 8.0 0.048*
Day 20 113.4+8.0 108.1 7.8 0.022*

Values are expressed as mean =+ standard deviation (SD). Statistical significance determined by independent samples t-test at each time point for
each parameter and region. p < 0.05 indicates significant difference; *p < 0.01 indicates highly significant difference compared to control group.
** = highly significant.
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(RD=S0-S1). Furthermore, the relapse distance was divided on
S0 and multiplied by 100 to compute and present its percentage
(%).

Digital Radiographical Measurement: Digital radiographical
assessment was performed using the densiometric analysis tool
in Carestream Imaging Software (v7.0.3) to evaluate bone
density in the para-symphysis region of the right mandibular
cancellous bone between the alveolar crest and bifurcation.
Measurements, expressed in gray values (0-255 GV), were
obtained from standardized coronal and apical reference points,
with 0 GV indicating radiolucency (lowest density) and 255 GV
indicating radiopacity (highest density), and were displayed as
histograms for analysis (Figure 5). Radiographical recording
was done by using size 1 dental digital sensor 5200 Carestream
dental sensor standards for ratio visuographic as shown the in
Figure 6.

Method of radiography: The jaw sample was placed on the
sensor with its lingual part touching the sensor surface sleaved
and the cone of dental x-ray machine (Getidy intraoral x-ray
system, tube). The source image distance was about 20 cm so
that the central ray directed in perpendicular direction to sample
surface which was parallel to sensor surface that in contact with
it. Tube model K 127-0.8-70, settings were 70 kv and 7 mA with
exposure time 0.30. as in (Figure 6 A,B).

Statistical Analysis: The descriptive statistics was performed
including the mean and stander-ed deviation. The primary
outcome (relapse over time) was analyzed using a linear
mixed-effects model (group x time, rabbit as random effect).
Secondary outcomes (radiographic density, histomorphometric
parameters) were analyzed via one-way ANOVA (group X time)
with Bonferroni or Holm corrections for multiple comparisons.
We reported effect sizes (partial n?) and 95% confidence
intervals. Statistical significance was set at p<0.05.

Results.

Clinical Relapse Measurements: At baseline (day O,
immediately after appliance removal), the mean relapse distance
was comparable between the control and Exogen groups,
confirming successful randomization (p > 0.05). Over the
observation period, both groups exhibited a gradual reduction
in relapse distance; however, the Exogen group demonstrated
a significantly lower mean relapse from day 10 onwards
compared with controls (p < 0.01). By day 20, the mean relapse
in the Exogen group was reduced by approximately 35%
relative to controls, indicating a clear benefit in maintaining
post-orthodontic tooth position (Table 1 and Figure 7).

Radiographic Bone Density: Quantitative radiographic
analysis revealed progressive increases in relative alveolar
bone density over time in both groups. While no significant
difference was observed at day 0, the Exogen group exhibited
significantly higher bone density values at both day 10 and day
20 (p < 0.05), with the most pronounced difference recorded
at day 20. Region-specific analysis showed that the cervical
alveolar region responded more rapidly to LIPUS stimulation,
displaying an earlier increase in density compared to the apical
region (Table 2).

Alveolar Ridge Height: Measurements of alveolar ridge
height indicated preservation of structural dimensions in the
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Exogen group throughout the study period, in contrast to a mild
but statistically significant reduction in ridge height observed
in the control group by day 20 (p < 0.05). This finding suggests
that LIPUS may contribute to minimizing post-treatment
alveolar resorption.

Histological Findings: Microscopic evaluation at day
10 demonstrated that the Exogen-treated group exhibited
pronounced trabecular bone development accompanied by
abundant osteoid deposition, indicative of active bone formation.
By day 20, specimens from this group revealed a well-organized
lamellar bone matrix, a continuous and dense osteoblastic
lining along the trabecular surfaces, and rich vascular networks
permeating the marrow spaces—features consistent with
accelerated and well-coordinated bone remodeling.

In contrast, the control group at comparable time points
displayed a more disorganized trabecular pattern, wider marrow
cavities, and a notably reduced osteoblast population, suggesting
slower bone regeneration and less structural maturation.

Histomorphometric Analysis: Based on the
histomorphometric findings, Exogen treatment markedly
enhanced bone-forming activity, as evidenced by a statistically
significant increase in osteoblast count at both day 10 and day
20 compared with the control group (p < 0.01), indicating
accelerated bone formation. In contrast, osteoclast count was
significantly reduced at day 20 (p < 0.05), reflecting suppression
of bone resorption. Vascular density showed a consistent and
significant increase across all post-removal time points (p <
0.01), providing a more favorable blood supply for bone and
periodontal tissue healing. Additionally, periodontal ligament
(PDL) width was narrower in the Exogen group by day 20,
suggesting enhanced tooth stability after orthodontic appliance
removal.

This pattern of results translates into accelerated healing
of bone and periodontal tissues with an improved vascular
environment, supporting the hypothesis that LIPUS can reduce
post-treatment tooth relapse and promote long-term stability.

Discussion.

The present findings underscore the significant clinical
potential of Low-Intensity Pulsed Ultrasound (LIPUS), as
delivered by the Exogen device, in promoting bone regeneration
and minimizing post-treatment relapse. While the current
model focused on alveolar bone in rabbits, the underlying
mechanisms and observed outcomes have broader implications
for orthodontic patient at retention phase stage. As a rapid
osseous repair and enhancement remodeling process of the
surrounded bone is essential for ensuring orthodontic outcomes
and reducing the retention phase duration and maintaining
welfare standards [20,21].

Mechanistically, LIPUS exerts its regenerative effect through
micromechanical stimulation of bone cells, resulting in integrin-
mediated activation of intracellular signaling cascades, including
the focal adhesion kinase (FAK) pathway and downstream
transcription factors such as Runx2. This activation promotes
osteoblastic proliferation, differentiation, and the upregulation
of bone morphogenetic protein-2 (BMP-2), vascular endothelial
growth factor (VEGF), and other osteogenic mediators [22,23].

In parallel, LIPUS reduces osteoclastic activity by modulating



the receptor activator of nuclear factor kappa-B ligand (RANKL)
/ osteoprotegerin (OPG) balance, thereby suppressing bone
resorption. The current study's histomorphometric data—
showing increased osteoblast counts, reduced osteoclast
numbers, and enhanced vascular density—are consistent with
these molecular pathways [23,24].

Comparable outcomes have been documented in preclinical
models beyond the oral cavity. For instance, in equine long
bone fracture models, daily LIPUS application improved
callus mineralization and mechanical strength, shortening
convalescence by up to 30% [24-26].

Similarly, canine studies have reported accelerated union in
radial and tibial fractures, with improved radiographic density
and histological maturity of bone tissue [25,27].

These outcomes align with the present findings and strengthen
the rationale for species-specific veterinary adoption.

Furthermore, comparable findings have been reported in large-
animal veterinary contexts. In equine patients, LIPUS has been
applied to metacarpal and metatarsal fractures, yielding faster
cortical bridging and improved callus quality, thereby reducing
stall rest duration and risk of secondary complications [26-28].

In canine models, LIPUS treatment of radial and ulnar fractures
has been associated with earlier radiographic union and superior
histological bone maturity compared to standard fixation alone
[28].

Similarly, studies in ovine tibial defects have demonstrated
enhanced mineral apposition rates and improved biomechanical
strength following LIPUS application [29,30].

These cross-species outcomes reinforce the present study's
findings, suggesting that the mechanisms observed in rabbits
are consistent with those operating in other domestic and
performance animals, supporting broader clinical translation.

The translational relevance of the rabbit model lies in
its similarity to small mammal bone physiology, allowing
extrapolation to companion animal practice. However,
differences in cortical-to-trabecular bone ratios, vascular supply,
and mechanical loading patterns across species necessitate
careful parameter optimization. For example, while the present
study employed 1.5 MHz at 30 mW/cm? for 20 minutes daily,
equine limb bone applications may require adjustments in
transducer positioning and coupling to account for tissue depth
and bone geometry [31-33].

An additional clinically relevant finding was the preservation
of alveolar ridge height in LIPUS-treated animals, indicating its
capacity to counteract post-intervention resorption. In veterinary
orthopedics, similar principles apply to preventing bone loss
following fracture fixation or limb surgery, where maintenance
of bone volume directly impacts functional prognosis.
Moreover, the significant increase in vascular density observed
in this study supports the use of LIPUS in cases complicated by
compromised perfusion, such as open fractures or wounds with
periosteal stripping [32,33].

From a broader clinical perspective, LIPUS presents several
advantages: Non-invasive application reduces stress and
morbidity in patients compared to surgical interventions [34-40].

Species versatility, with potential application in mammals
and possibly avian orthopedics, given adequate anatomical
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adaptation of the device [35-37].

In conclusion, the present study demonstrates that daily
application of LIPUS via the Exogen device significantly
accelerates bone regeneration, enhances vascularization, and
reduces post-treatment relapse in a rabbit alveolar bone model.
These results, supported by comparable findings in diverse
animal models, indicate strong potential for incorporating
LIPUS into orthodontic protocols for orthodontic relapse
treatment. Future research should prioritize large-animal trials,
optimization of dosing regimens, and long-term assessments of
functional outcomes to ensure the safe and effective translation
of this technology across clinical application in human.

Conclusion.

This study confirms the potential of Low-Intensity Pulsed
Ultrasound (LIPUS) via the Exogen device as a non-invasive
adjunct for accelerating alveolar bone healing, enhancing
bone density, stimulating osteoblast activity, and improving
vascularization. These effects support its application in clinical
orthodontic practice, particularly for reducing retention phase
after active orthodontic therapy.
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